INTRODUCTION
A variety of factors can interfere with the densification of ceramic powder compacts so that potentially advantageous properties are not real ized in the the final product. These factors include heterogeneities in initial powder packing~ such as large pores, unfavorable particle size distributions, and chemical heterogeneities, that are not el iminated during densification. In principl e, all porosity should eventuallly disappear, provided the materials are heated for a sufficiently long time at a high enough temperature. What makes the ceramic unacceptable then is that grain growth will have led to a microstructure where the grains are so large that the mechanical, electrical, optical, or other properties are no longer useful.
Practically, it is impossible to produce perfect powder compacts. An important question is not only how closely the perfect green state can be approached, but also which imperfections can be tolerated.
Understanding the effect of the initial particle arrangement on the microstructural evolution during densification must therefore be in terms of packing defects that can be eliminated while the system remains below some upper limit on the grain size, set by property requirements. This involves the consideration of the interrelationship of grain growth and densification rates, as discussed by Brook (1), and Lange (2) . These aspects are now reconsidered in a somewhat different context. The emphasis is on the absorption of isolated larger pores in a homogeneous, fine pore matrix in which grain growth occurs 
HOMOGENIZATION OF MICROSTRUCTURES IN THE INTERMEDIATE STAGE OF

SINTERING.
When densification and grain growth occur simultaneously, pores will on the one hand shrink due to densification, and on the other hand grow as a result of coalescence due to grain growth, provided the pores remain at grain boundaries (3). This condition is most likely satisfied in the intermediate stages of densification, but may persist into the final stages when break-away grain growth is not a problem.
I nth e i n term e d i ate s tag e , 1 a r g e po res ten d not to s h r ink un til the grain size is sufficiently 1 arge (4). Thus, sma.ll pores wi 11 tend to grow whi 1 e decreasing in number, by grain growth-dri ven pore . coalescence, while large pores do not change much. This simple phenomenon constitutes a mechanism for homogenization of the microstructure, opposing the Ostwald ripening process that tends to In developing the model, a number of assumptions will be made. Some of these assumptions may limit the applicability of the model to all systems, but they provide a significant simplification of the ca 1 cu 1 ations, whil e retafning -trends that shou ld be of some practical value.
MODEL CONSIDERATIONS
The model considers an intermediate stage of densification under grainboundary diffusion control, and assumes that "homogeneitY I shaul d be achieved towards the end of the intermediate stage. This is arb itrari 1 y set at 80% dens i ty. By th at time, the pores of the fine grained material should at least have been as large as the largest pore in the system, otherwise these large pores cannot be eliminated easily
For grainboundary diffusion controlled densification, the densification rate, p, may be written as:
( 1) where K is a kinetic constant, G is the grain size, L is the sintering stress, and cp-l is the stress intensification factor. Oensification rates described by this relation were observed for materials such as
ZnO and CdO {6,7}
The grain growth rate is assumed to be independent of th~ porosity and to be described by a cubic rate dependence
where G is the initial grain size, B is the grain growth rate constant, and tis the time.
In general, Eqn (2) would be a strong simplification of grain growth in porous systems, al though it has been found in CdO (5). Such cases may arise when pores are highly mobile so that they remain on the grainboundaries, when grain growth is controlled by intrinsic grainboundary processes. The density follows from the integration of, 5 Eqn (1). Significant simplification can be achieved by using an approximate relationship of the form exp (aP)/(2aP/3) = C (3) where Cis a constant dependi ng on a, if a is about equa 1 to 2 and the porosity is between 0.4 and 0.8. A val ue of 2 for a was found for the sintering of CdO (6) . For other materials the simplification offered by Eqn. (3) might not be possible, and iterative procedures would have to be used to find the porosity as a function of time. In itself, this introduces only some computing complexity without changing the general nature of the results.
The sintering stress, E, can be written as (6) E = 2 y/r (4) where y is the surface tension. The pore radius, r, may be expressed
CL is a factor that remains constant at constant pore shape. For a Zener-like relationship (6) n = 1; for the case of strictly constant pore shape n = 1/3, when the number of pores per grain rema ins constant, and abnormal grain growth is absent. In general nand CL could be functions of time (13) . 6 After some algebra Eqns. 1-5 lead to
with Po = initial porosity and m = 1 + n -2a/3. The integral in this expression is easily evaluated from Eqn. 3:
It is immediately clear that P(t) cannot be expressed simply as a function of the densification rate constant, K, over the grain growth rate constant, B, only.
To illustrate the .relationship of the homogenization process to the various parameters, n and a were put equal to 1. Different values for n and a do not affect the general trend of the results. In the calculations the parameter Po' equal to mKyawas used.
The calculated pore radius at the fixed density of aO% is strictly proportional to the grain size if is assumed to be constant. One can now exami ne r ( or G) at aO% , raO' as a funct i on of the parameters of interest. These parameters are the initial grain size, Go' the grain growth rate constant, B, and the densification rate constant, K or p . homogeneity, relative to its particle size, is improved. It is also evident from Fig. 2 that the more perfect the green state packing, the wider the range of grain growth rate constants that can produce homogeneity.
One might recognize two different types of packing imperfections:
those that scale with the particle size, the intrinsic ones, and those that are independent of the particle size, the extrinsic ones. In homogenization at rL/ ro = 3 at p = 0.8, and the relati ve powder packing perfection where the size of the heteropores is decreased relative to r o ' would need to be improved, or the grain growth rate must be increased through the use of appropriate additives. The strong dependence of p on Go will require that the packing perfection be improved rapidly with decreasing grainsize, or the benefits derivable from the use of small grains cannot be realized. This is in agreement with the observations of Rhodes (8) . One may expect, in fact, that at some low grain size the required packing perfection may not be practically achievable in ceramic bodies of a useful size. The situation is even more critical for the extrinsic defects, as can be deduced from Fig. 3 for rL = constant, and the lower limit on the grain size will prevent homogenization at higher grainsizes than for intrinsic defects that have the same rL/ ro at some reference grain size (here chosen to be GO = lxlO-4 ). Fi g 4 a 1 so i ndi cates that the maximum grain size limit is not a constraint on going to smaller initial grain sizes. Fig. 3 thus indicates, while homogeneity can be achieved even for rather imperfect packings, that it is a only some rather critical initial grainsize domain that will be "forgiving" for a particular set of factors which include the grain growth rate constant, the pore mobility, the initial grain size, and the densification rate constant Po • It is clear that, at a fixed grain growth rate constant, B, the tolerance for packing imperfections decreases with increasing 9 densification rate. In fact, if the densification rate is increased it is again necessary to improve simultaneously the perfection of the green state, even relative to the particle size, if homogeneity is to be achieved before the end of the intermediate stage, as was the case for the grain size decrease. .~~
